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preclinical and clinical studies, including the siRNA-LNP product, Onpattro®, highlight that LNPs unlock 
the potential of nucleic acid-based therapies and vaccines. To understand what is key to the success of 
LNPs, we need to understand the role of the building blocks that constitute them. 

In this Review, we discuss what each lipid component adds to the LNP delivery platform in terms of size, 
structure, stability, apparent pK,, nucleic acid encapsulation efficiency, cellular uptake, and endosomal 


Keywords: . escape. To explore this, we present findings from the liposome field as well as from landmark and recent 
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LNP articles in the LNP literature. We also discuss challenges and strategies related to in vitro/in vivo studies 


Ionizable lipid 
PEGylated lipid 
Helper lipid 
Nucleic acid 


of LNPs based on fluorescence readouts, immunogenicity/reactogenicity, and LNP delivery beyond the 
liver. How these fundamental challenges are pursued, including what lipid components are added and 
combined, will likely determine the scope of LNP-based gene therapies and vaccines for treating various 
diseases. 
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pKa 
Drug delivery 
Targeting 
Contents 
VS TAO AUC EL OTN: say sessais skceciyn Sabb Ras, aarp nes oaks ggg sands a el Wasa aS Goce ati acelin wast egn san atseanas Gade cise ny Sa bstSiaby Sab caida Qallbitgre Bisaragddessaan 2 
2. The lipid components of clinically approved LNPS... 1.0.0... 0c ccc ee ee nnn nee teen en eee ene teen eee n nen ene 2 
3; -Role:of different: lipids it LNPS sees se sw acaiadie x galas guia ge dua's Ging Yea ah ope ere add Ades ade e eigen ose GneNS Dawe Barn e albieiels San Sa nwa healed swede. 2 
331. Role of ionizable cationic Hpids ...4.5 6 iss vce caceesties wee ales aS As ace a kw Mots WN. aia AN nN! AL ew Oa wale Bae SobUNOR OP NSN ednehe Sie eda we anes 3 
3.1.1. Ionizable lipids enable efficient encapsulation of nucleic acids in LNPS..... 0... 0... ccc ccc cece teen ence eee e tees 3 
3.1.2. The apparent pK, of ionizable lipids ..... 2.0.0... enn tne t nent nen n eee n eee n ees 4 
3.1.3. Ionizable lipids may be essential for cellular internalization of LNPs............ 0. cece eee cee eee eee n eee eneeee 5 
3.1.4. Proposed mechanism by which LNPs mediate endosomal disruption ............ 0... cece cece eee eee een eee eeeee 5 
3.1.5. Ionizable lipids may play a role in LNP tolerability and immunogenicity ............. 00. ccc cece eee ence eens 5 
3:2; ‘Role’of PEG-lipids®, .saccauid eetens ha bcs Hees a oe E chane Sa sade a sed ad ew ald Rae Mea aad eae ea altars de alee date b eae bode 6 
3.2.1. PEG-lipids control LNP size and stability... 2.0... ccc cee n ene e nent e been ene eee eeeae 6 
3:3.- ‘Role of helperlipidS sss. 65 .teas Ga tek hee cain a O6 aue sane due Sale Sages ob BAG ok Ad Hae A ae ae aN aad dada} eek eee Lote 8 
3:3:1;. Role‘of cholesterolbs.icss::s.0ccchctwce aie pads shaadi Cede ates ada ded Mesa eee tia ebeddd ehaaaaaaena ds 8 
3.3.2. Role of phospholipids... 0... 0... oc nnn en nee e ee en ene tenn teen ee enn e ete e eee e eee 9 
4. _LNP structure: One does not fit all... 2... nnn een e eee e ene teen nee teen eee en eeee 10 
5. Liver targeting and beyond .... 1... en nnn nen En Een nee n ee eben ee ene eee e ee eben ene 12 
Nels, “UAVS Wed OUT Se, 5 Asa w,cccte sac tesrce saps erase vodcector sever eucdctnioya toronto aa sovedvnsderovnba atronsec eros cash i condeniaeince oan cau ce ae atdanst be lereseheeaauorsusutt nieve es dieensuahieaguanecedineanisuanintaaseue 12 
5.2. LNP targeting beyond the liver... 0. ec ee ceed e en eee nee enea ee ene ae te neenen gl egiesen eeu ee seen eg ene nea 12 


* Corresponding author. 
E-mail address: jebsm@leo-pharma.com (J.B. Simonsen). 
1 These authors contributed equally to this work. 


https://doi.org/10.1016/j.addr.2022.114416 
0169-409X/© 2022 Elsevier B.V. All rights reserved. 


C. Hald Albertsen, J.A. Kulkarni, D. Witzigmann et al. 


Advanced Drug Delivery Reviews 188 (2022) 114416 


5.3. Technical and biological challenges in LNP uptake/biodistribution studies ........... 0... ccc cee ccc cece eee ene eee e eens 13 


5.4. Future targeting strategies ...... 2... .. cece eee eee 
6. Summary and outlook ......... 0... cece eee eee ee 
Declaration of Competing Interest ............. 00. cee eee eee ee 
Acknowledgements ......... 0... cece eee cece eee e nee eens 
References: : .cast0 210d staaees nasd4 sa aden Re eeee Redes eS 


1. Introduction 


The tremendous success of the vaccines from Pfizer-BioNTech 
(BNT162b2, also known as Comirnaty®) [1] and Moderna (mRNA- 
1273, also known as Spikevax®) [2] in combatting COVID-19 has 
demonstrated the value and rapid translational potential of lipid 
nanoparticles (LNPs). For the purposes of this Review, we define 
LNPs as sub-micron particles containing ionizable cationic lipids 
in addition to other types of lipids and encapsulated nucleic acid 
cargo. The LNP delivery system is vital to the success of these vac- 
cines. LNPs act as a protective capsule for the nucleic acid cargo 
and prevent enzymatic degradation until nucleic acid delivery to 
the cytosol of the target cell. In the COVID-19 vaccines, the mRNA 
encodes an antigen, specifically a modified version of the SARS- 
CoV-2 spike surface protein, that triggers an immune response 
including the production of neutralizing antibodies. 

Many years of research have culminated in modern LNP tech- 
nology, which is now the most clinically advanced non-viral gene 
delivery system. Following in the footsteps of Onpattro®, the first 
RNA interference therapeutic approved by the FDA in 2018, LNP 
technology now enables gene editing, protein replacement, and 
vaccines [3]. In Onpattro®, LNP delivers short interfering RNA 
(siRNA) to the liver to silence the expression of the protein trans- 
thyretin, which causes transthyretin amyloidosis (ATTR). Develop- 
ing and scaling-up Onpattro® provided a path for the LNP-mRNA 
vaccines, the fastest vaccines to ever be produced, that are central 
to the fight against COVID-19. 

Preclinical studies have used LNPs to deliver nucleic acids 
beyond siRNA and mRNA, such as antisense oligonucleotides 
(ASOs) [4], microRNA [5], and DNA [6]. Several clinical trials are 
currently assessing LNP delivery of a broad range of payloads, 
including the first in vivo CRISPR/Cas9 treatment delivered intra- 
venously (i.v.) to treat patients with ATTR [7]. Hence, LNPs seem 
to be a versatile nucleic acid delivery platform that overcomes 
major hurdles in gene therapy, namely nucleic acid degradation 
and limited cellular uptake. Here we define gene therapy broadly 
to include nucleic acid modalities that alter specific protein expres- 
sion in cells to treat disease. These modalities include siRNA and 
ASOs to e.g., reduce the production of disease-causing proteins, 
mRNA and DNA to enable the generation of essential proteins that 
are missing or impaired in genetic diseases, and CRISPR/Cas9 to 
edit or inactivate defective genes. Cas9 enzyme and guide RNA 
can be delivered at the level of DNA and RNA. LNPs loaded with 
these new therapeutic modalities could hugely impact immuno- 
oncology and treatments for rare genetic and undruggable dis- 
eases, in addition to building on the recent success in rapid vaccine 
development. 

Many informative reviews about employing LNPs for vaccines 
and gene therapy [8,9] have largely focused on how nucleic acid 
cargo elicits biological changes and enacts therapeutic effects, with 
less attention to the LNP. In this Review, by contrast, we assess the 
liposome and the LNP literature with a focus on the various lipid- 
based building blocks that constitute LNPs in order to explicate 
what each lipid component adds to the LNP delivery platform in 
terms of size, structure, stability, nucleic acid encapsulation effi- 
ciency, cellular uptake, and endosomal escape. We also present 


considerations about the pK, properties of ionizable lipids as this 
parameter is key for efficient transfection [10-12]. Finally, we dis- 
cuss challenges and strategies related to immunogenicity and LNP 
targeting beyond the liver. How these fundamental challenges are 
solved will likely determine the breadth of diseases LNP-based 
gene therapies can cover. To make a concise Review, we decided 
to focus mainly on the four specific lipid types currently used in 
the clinic [1-3] (Fig. 1). How preparation methods impact the 
physiochemical properties of LNPs lies beyond our current scope. 
Note that by lipid components we refer to amphipathic con- 
stituents and thus not solely biological lipids. 

The aim of this Review is to help researchers understand the 
fundamental construction of the LNP delivery platform, and high- 
light challenges and opportunities with the technology. We hope 
to provide researchers with the pre-requisite knowledge to better 
design the next generation of LNPs. 


2. The lipid components of clinically approved LNPs 


All the current FDA-approved LNP formulations contain four 
lipids (depicted in Fig. 1) [13-15]: (1) an ionizable cationic lipid, 
helper lipids which include (2) 1,2-distearoyl-sn-glycero-3- 
phosphocholine (DSPC) and (3) cholesterol, and (4) a polyethylene 
glycol (PEG)-lipid conjugate. These constituents facilitate monodis- 
perse nanoparticle formation, improve nanoparticle stability, 
enable efficient nucleic acid encapsulation, aid cellular uptake, 
and promote endosomal escape of nucleic acid cargo. 

The composition of modern nucleic acid delivery systems 
derives from traditional liposomal systems for small-molecule 
therapeutics. One example is liposomal doxorubicin, also called 
Doxil®, the first FDA-approved nanomedicine [16], which contains 
hydrogenated soy phosphatidylcholine (mainly DSPC), cholesterol, 
and PEG-lipid at a 56:38:5 molar ratio |17]). This formulation is the 
result of nearly two decades of optimization to ensure robust man- 
ufacturing methods in order to achieve the desired particle proper- 
ties: higher encapsulation efficiencies using remote-loading 
processes, fewer unfavorable interactions with serum proteins, 
longer circulation lifetimes to take advantage of the enhanced per- 
meation and retention (EPR) effect [18], better drug accumulation 
at the target site, and fewer dose-limiting toxicities. Applying such 
systems to nucleic acid delivery revealed that the large size and 
high negative charge density of nucleic acids required additional 
lipid functionalities, including active encapsulation methods that 
typical lipid components did not provide. Iteratively improved for- 
mulation design, manufacturing processes, and ionizable lipid effi- 
cacy and tolerability resulted in the LNP formulation typically used 
today. This formulation contains ionizable lipid, phospholipid, 
cholesterol, and PEG-lipid (about 50:10:38.5:1.5 mol%), the roles 
of which will be discussed below. 


3. Role of different lipids in LNPs 


Many of the structural and biological properties of LNPs are not 
solely ascribed to a single lipid component but rather the combina- 
tion of lipids. With this in mind, we will describe how different 
lipids promote key LNP features. 
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Cholesterol PEG-lipid mRNA 


Fig. 1. Simplistic illustration of LNP and its individual components, the focus of this Review. The LNP can encapsulate many nucleic acid cargo types including but not limited 


to DNA, ASOs, siRNA, microRNA, and mRNA (shown in this figure). 


3.1. Role of ionizable cationic lipids 


Ionizable cationic lipids are defined (typically) by a tertiary 
amine that is deprotonated under neutral conditions and is posi- 
tively charged in pH conditions below the acid-dissociation con- 
stant (pK,) of the lipid. They serve two key functions including 
facilitating nucleic acid encapsulation in LNPs and mediating endo- 
somal membrane disruption to enable nucleic acid release to the 
cytosol. Further, the ionizable lipids may also play an important 
role in endosomal uptake, either directly through interaction 
between the positive charge on some ionizable lipids and the neg- 
atively charged cell membranes or via their binding to plasma pro- 
teins that support cellular uptake. 

Over the past 20 years, ionizable lipid design has undergone 
numerous improvements leading to much higher transfection 
potency. The first ionizable lipid reported AL1 [19], also known 
as DODAP, was synthesized to assess the role of asymmetric lipid 
distribution in a lipid bilayer (inner vs outer leaflet). In the applica- 
tion of such lipids for nucleic acid delivery, therapeutic levels of 
delivery were not obtained due to the high doses required. 
Improvements to the lipid design resulted in nearly 8000-fold 
improvements in the therapeutic index. First, systematic study of 
lipid tail saturation has demonstrated that the linoleyl-derivative 
of 1,2-dioleyloxy-3-dimethylaminopropane (DODMA)), known as 
1,2-dilinoleyloxy-n,n-dimethyl-3-aminopropane (DLinDMA), dra- 
matically improved gene silencing, and additional lipid tail unsat- 
uration did not provide additional benefits [20]. Interestingly, the 
ester-containing analogue,  1,2-bis(linoleoyloxy)-3-(dimethyla 
mino)propane (DLinDAP), was found to be ineffective and required 
substantially higher doses because of labile bonds [21,22]. Using 
the Factor VII murine model, the rational-design process next iden- 
tified 2-[2,2-bis[(9Z,12Z)-octadeca-9,12-dieny]l]-1,3-dioxolan-4-y 
1]-N,N-dimethylethanamine (DLin-KC2-DMA) or KC2 [22], a 
ketal-containing compound with 10-fold more activity than 
DLinDMA,; the effective dose required to achieve 50% gene silenc- 
ing was 0.1 mg siRNA per kg body weight with KC2, but DLinDMA 
required 1.0 mg/kg. 

The apparent pK, value (pK, of the ionizable lipids likely at the 
LNP surface (see discussion in Section 3.1.2)) has proven critical for 
efficient LNP delivery and transfection potency [10-12]. The land- 
mark study by Jayaraman et al. [10], shows a strong correlation 
between hepatic gene-silencing activity in the Factor VII model 
and the apparent pK, of LNPs based on different ionizable lipid 
components. The correlation follows a bell-shaped curve with an 
optimum between 6.2 and 6.5. The ionizable lipid 
(6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl 4- 
(dimethylamino)butanoate (DLin-MC3-DMA) or MC3 with an 
apparent pK, 6.44 used in Onpattro® was identified from a library 


of 56 ionizable lipids consisting of a dilinoleyl-based hydrophobic 
tail with varying headgroups [10]. Subsequently, Whitehead et al. 
{11] prepared 1,400 lipid-like ionizable compounds, termed lipi- 
doids, for siRNA delivery to develop robust molecular structure- 
function relationships. The full library was screened using an 
in vitro gene-silencing assay, and the 82 lipids that silenced more 
than 50% of firefly luciferase were further evaluated for in vivo 
activity. In total, 96 lipidoids were tested for their ability to knock- 
down the liver-expressed Factor VII protein in mice. This process 
revealed four knockdown efficacy criteria. Lipidoids containing at 
least one tertiary amine, at least three alkyl chains, and 13- 
carbon long alkyl chains are optimal; however, pK, appeared to 
be the most influential factor regarding in vivo gene-silencing effi- 
cacy in hepatocytes upon i.v. administration to mice. Indeed, pK, 
was the only criterion in this study [11] that, when not met, abol- 
ishes the ability of an LNP to facilitate high levels of gene silencing. 

A team from Moderna synthesized 30 ionizable lipids and 
determined that ‘Lipid H’ (SM-102) (pK, 6.68) is the best ionizable 
lipid for mRNA vaccine delivery. Its attractive properties include 
good biodegradability, tolerability, protein expression, and 
immunogenicity [23]. This study showed that Lipid H performed 
better than MC3. Several studies have highlighted that LNP formu- 
lations optimized for siRNA delivery are not ideal for other pay- 
loads like mRNA and DNA [6,24]. 

The three different ionizable lipids used in Comirnaty®, Spike- 
vax®, and Onpattro® (current LNP-based clinical products) are 
shown in Fig. 2A. 


3.1.1. Ionizable lipids enable efficient encapsulation of nucleic acids in 
LNPs 

lonizable lipids enable significant nucleic acid cargo encapsula- 
tion in LNPs, typically > 90% across nucleic acid modalities [27]. 
During particle formation, the ionizable lipids become positively 
charged, and, through electrostatic interactions with the negatively 
charged phosphate backbone of nucleic acid polymers, promote 
nucleic acid incorporation into the emerging nanoparticle. To 
ensure proper ionizable lipid protonation, the LNPs are prepared 
at an acidic pH (~4) significantly lower than the apparent pK, 
value of the ionizable lipids (typically ~ 6.5), followed by a buf- 
fer/pH exchange step. In 2012, a proposed mechanism [28] for this 
process hypothesized that ionizable lipid binding around the 
nucleic acid cargo in LNPs formed an inverted micellar arrange- 
ment of ionizable lipids in the core (Fig. 1), as suggested by in silico 
modelling. Since ionizable lipids are typically designed so that a 
cross-sectional area of the tail group is larger than that of the 
hydrophilic head groups, these lipids exhibit an inverted cone 
geometry (Fig. 2B). As per the molecular shape hypothesis 
[25,26] this favors inverted micellular-like packing of the ionizable 
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Fig. 2. A) The ionizable lipids used in the COVID-19 LNP vaccines Comirnaty® (ALC-0315) and Spikevax® (SM-102) and in Onpattro® (MC3). B) Lipid packing theory explaining 
the relation between the molecular shape of amphipathic compounds (in this case DSPC and an arbitrary ionizable lipid) and the geometry of their self-assembled structures 
(a detailed description of the critical packing parameters of surfactants can be found in [25,26]). C) The proposed mechanism by which charged ionizable lipids mediate 


endosomal disruption [22]. 


lipids around the nucleic acids in the core (Fig. 1). Recent studies 
suggest alternative LNP structures, which we elaborate on in 
Section 4. 


3.1.2. The apparent pK, of ionizable lipids 

As the apparent pK, of ionizable lipids regulates efficient LNP 
mediated transfection [10-12], we will outline some parameters 
that determine the apparent pK, within an LNP. The standard 2- 
(p-toluidino)-6-napthalene sulfonic acid (TNS) binding assay can 
assess the apparent pK, of LNPs. In aqueous solution, TNS does 
not fluoresce. Upon binding to a positively charged membrane 
through ionic interactions, the water molecules are excluded from 
the environment, thereby resulting in a fluorescent signal. Hence, 
the TNS-derived pK, values likely indicate the pK, properties of 
the easy accessible ionizable lipids at the LNP surface and are thus 
referred to as the apparent pK, [29]. However, it should be stated 
there is, thus far, no reported evidence that the TNS only measures 
ionizable lipids at the LNP surface. A recent study [30] showed that 
the difference between the apparent pK, derived from the TNS 
binding assay and the pK, derived from H-NMR measurements of 
the bare headgroup moiety, where the tertiary amine is present 
in aqueous solution, is around 2-3 pH units. The authors proposed 
a thermodynamical model that accounts for the measured pK, dif- 
ferences between NMR and TNS binding assays including the pro- 
ton solvation free energy associated with the proton energy 
transfer from water to LNP and proton electrostatic repulsion or 
attraction to the LNP due to its electric potential. That said, the 
pK, values of the ionizable lipids in the LNP core, where most of 
the ionizable lipids are expected to be present due to their associ- 
ation with the nucleic acid cargo, could likely be higher than 9-10 
due to the favorable electrostatic interactions between the proto- 
nated ionizable lipid and the negatively charged backbone of the 


encapsulated nucleic acids. Along these lines, monomeric tertiary 
amines are typically used as the ionizable functionality in ionizable 
lipids and have pK, values around 9-11 [31]. The alkyl groups 
should have a minor direct stabilizing or destabilizing effect on 
the protonated amine. In contrast heteroatoms including oxygen 
close to the nitrogen atom can lower the pk, significantly like in 
case triethanolamine (pk, 7.7). Further, the proximity between 
two amino groups within the same molecule greatly impacts their 
pK, values. For example, the two pK, values of 1,2-ethanediamine 
are ~ 9.9 and ~ 7.1 [31]. The different pK, values are due to an 
unfavorable charge repulsion between the two protonated amine 
groups in proximity, and thus, a lower pH is needed to protonate 
half of the second amino group. With this in mind, including the 
H-NMR study above [30], we need to emphasize that the LNP sur- 
face local environment is composed of ionizable lipids, the zwitte- 
rionic DSPC, and cholesterol, each of which contributes a different 
chemical structure including a tertiary amine, a quaternary amino 
group, a negatively charged phosphate, and a hydroxyl group from 
cholesterol. All these components can alter the pK, of the ionizable 
lipid due to proximity between the headgroups. The proximity 
between the charged moieties depends on the lipid geometrical 
packing which is determined by carbon tail saturation and length 
as well as lipid headgroup polarity (and effective charge density). 
Regarding the latter, an ionizable library based on a dilinoleyl 
hydrophobic tail and varying headgroups exhibited a wide range 
of apparent pK, values (4.17-8.12) [10]. Hence, the pK, of the ion- 
izable lipid measured in LNPs likely depends on the molecular 
structure of its headgroup [10], its hydrophobic tail groups [32], 
and neighboring lipid packing, including LNP lipid composition 
{33]. Another study [29] showed that the measured pK, of ioniz- 
able lipids when dissolved in micelles (consisting of neutral surfac- 
tants) decreased when the number of ionizable lipids per micelle 
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increased. This correlation supports the notion that repulsive inter- 
actions between closely packed charged ionizable lipids lower the 
apparent pK, of the ionizable lipid. 

In addition to molecular structure and packing, which partly 
determine the electrostatic interactions that impact the pK,, envi- 
ronmental parameters, such as ionic strength and the dielectric 
constant, also influence the measured pK;. Therefore, a lower local 
dielectric constant at the lipid-water interface compared to the 
bulk aqueous solution may elevate the charge effects on the pK, 
value. 

The research summarized above highlights the complexity of 
the pK, value of ionizable lipids. Such complexity contributes to 
the intricacy of the LNP structure, the mechanisms by which LNPs 
are endocytosed, and the subsequent endosomal disruption medi- 
ated by the ionizable lipids. 


3.1.3. lonizable lipids may be essential for cellular internalization of 
LNPs 

Whether the ionizable lipids play a direct role in endosomal 
uptake has not been thoroughly investigated. Studies on LNP- 
siRNA accumulation in the liver show that the low-density lipopro- 
tein receptor (LDLR) on hepatocytes mediates the LNP uptake; in 
apoE-deficient or LDLR-deficient mice, LNP-siRNA do not display 
the same gene silencing potency [34]. ApoE is an exchangeable 
apolipoprotein and a ligand for LDLR-mediated uptake of remnant 
chylomicrons [35]. Consequently, the apoE adsorption on LNPs 
turn them into biomimicking remanent chylomicrons that are 
taken up by hepatocytes. This mechanism clearly demonstrates 
how, rather than being an obstacle, protein (apoE) corona forma- 
tion on nanomedicines introduced into blood can be exploited 
for targeting strategies. ApoE adsorption to liposomes does not 
drive hepatocyte uptake of negatively charged liposomes [36], 
and hepatocyte uptake of neutral liposomes is >20-fold lower in 
apoE-deficient mice. Surface charge, including the composition of 
the protein adsorbed to lipid-based particles, thus plays a role in 
the clearance mechanism. When using ionizable lipids/LNPs with 
an apparent pK, of ~6.4, about 10% of the ionizable lipids are pos- 
itively charged in blood (pH 7.4) according to the Henderson-Has- 
selbalch equation. The surface charge may not only affect the 
protein corona composition on nanoparticles but also influence 
the conformation of the adsorbed proteins, including apoE. Taken 
together, these inquiries show the interplay between nanomedici- 
nes, including LNPs and biomolecules such as apoE in biological 
fluids, is affected by surface composition, surface charge, and par- 
ticle size [37]. Such interplay determines the in vivo fate of many 
nanomedicines. More detailed discussions and recent literature 
about how size and surface charge affect LNP biodistribution will 
be presented in Section 5. 

The internalization mechanism of the mRNA-LNP COVID-19 
vaccines following intramuscular (i.m.) injection remains poorly 
characterized. Further, the types of cells that are transfected by 
the vaccines have not been fully detailed. The B cell mediated anti- 
body responses may likely be triggered by delivery and expression 
of the antigen in antigen-presenting cells (APCs). Dendritic cells, 
the most potent APC, have been reported to elicit T cell mediated 
responses, including the induction of T follicular helper cells which 
are a subset of CD4 + T cells that regulate germinal center B cell 
maturation to high-affinity memory B cells, and long-lived plasma 
cells [38]. It is likely that dendritic cells at the point of injection are 
transfected by the LNPs. However, other types of APCs may also be 
mobilized by the expression of the spike protein. 


3.1.4. Proposed mechanism by which LNPs mediate endosomal 
disruption 

Generally, cells are expected to take up LNPs via endocytosis 
[21]. As endosomes mature, pH decreases to values below the 
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apparent pK, value of the ionizable lipids, a high proportion of 
which are consequently protonated. It has been suggested that 
the electrostatic interactions between the cationic ionizable lipids 
in the LNPs and the anionic lipids in the endosomal membrane lead 
to a disruption of the endosomal membrane [22]. More specifically, 
the oppositely charged lipids may help transform the planar 
bilayer structure within the endosomal membrane to a more 
hexagonal-like structure (inverted-like micellular structure, 
Fig. 2), thereby disrupting the membrane [22,39,40]. The interplay 
between cationic and anionic lipids, both drive electrostatic inter- 
action between the charged headgroups (Fig. 2C) and through their 
tail/head geometry promote an inverted cone structure (Fig. 2B). 
That said, due to endocytic recycling, the proportion of nucleic acid 
cargo that escapes the endosomes is reportedly less than 5% [41]. 
Another study [42] estimated that only 1-2% of gold-labeled siR- 
NAs loaded into LNPs escape from the endosomes into the cytosol, 
and escape only occurs within a limited window of time when the 
LNPs reside in a specific compartment sharing early and late endo- 
somal characteristics. The ionizable lipids in fact must dissociate 
from the nucleic acids in the cytosol to ensure that the mRNA or 
siRNA fits into the translational or silencing machinery respec- 
tively, a necessity that can be challenging. Hence, new ionizable 
lipids and a better understanding of endosomal uptake and escape 
should enable the development of LNPs that even more efficiently 
deliver nucleic acids to target cells. 


3.1.5. lonizable lipids may play a role in LNP tolerability and 
immunogenicity 

In mRNA vaccines, LNPs may likely exert an adjuvant effect in 
addition to stabilizing mRNA and facilitating intracellular delivery. 
Nanoparticle size, shape, and rigidity are important factors in 
immunological activation (reviewed in [43]) but their mechanisms 
are still not fully revealed. That said, it has been shown that some 
cationic lipids activate toll-like receptors and therefore help induce 
proinflammatory cytokines and co-stimulatory molecules [44]. 
Recently, a study [38] investigated the adjuvant effect of a propri- 
etary ionizable lipid by administering similar-sized spherical 
mRNA-LNPs either with or without the proprietary ionizable lipid 
to mice: the ionizable lipid produced the adjuvant effect by activat- 
ing interleukin-6 via the mRNA-LNP, but toll-like receptors did not 
seem to be part of the mechanism. Comparison with immunologi- 
cal responses caused by mRNA-LNPs comprising the cationic lipid, 
DOTAP, instead of the proprietary ionizable lipid suggested that 
not all lipids used for nucleic acid vaccine delivery are potent adju- 
vants when incorporated in an LNP formulation. Hassett et al. [23] 
drew similar conclusions and, using 30 different LNPs in mice, 
illustrated that mRNA-LNP immunogenicity depended highly on 
the ionizable lipid structure. Interestingly, an optimal lipid pKa 
for immunogenicity was between 6.6 and 6.9 (slightly higher than 
the typical optimal pK, (6.2-6.5) for transfection [10]), indicating 
that, independent of cytosolic mRNA delivery, lipid pK, may play 
a role in formulation interactions with the immune system. In 
non-human primates, however, five LNP formulations with differ- 
ent ionizable lipids did not result in varied immunogenicity, even 
though one lipid resulted in 3-fold higher protein expression. This 
further indicates that protein expression is not the only factor 
determining vaccine immunogenicity. Yet the data also showed 
that LNP-driven immune stimulation did not equate to increased 
immunogenicity. Indeed, there is still much to learn about LNP 
mechanisms of immune stimulation, tolerability, and immuno- 
genicity and the correlations between these. 

While LNP-based immunological activation processes can sup- 
port the efficacy of vaccines, LNP-mediated immune responses 
may be less attractive for therapeutic nucleic acid treatments. 
The toxicity of permanently positive charged lipids [45-47] and 
the immunogenicity of certain ionizable lipids are driving the 


C. Hald Albertsen, J.A. Kulkarni, D. Witzigmann et al. 


development of degradable ionizable lipids in LNPs for nucleic acid 
delivery beyond vaccines. Cui et al. [46] emphasize that such tox- 
icity stems almost exclusively from the headgroup. The ionizable 
lipids used in Comirnaty®, Spikevax®, and Onpattro®, shown in 
Fig. 2A, all contain esters that make them suitable for hydrolysis 
degradation. Interestingly, while MC3 is not completely biodegrad- 
able and metabolites persist in rats and non-human primates [48], 
the doses required for clinical application show no evidence of tox- 
icity [3]. That said, pre-dosing of an immunosuppressive cocktail 
consisting of acetaminophen, a glucocorticoid, and an H1/H2- 
blocker [3] is required before administering Onpattro® to deal with 
potential infusion-related reactions. In another approach, replacing 
double bonds with ester linkages generates hydrolytic cleavage 
products that are readily incorporated into catabolic pathways, 
without losing potency [32]. Such biodegradable ionizable lipids 
containing ester bonds have shown rapid elimination and excre- 
tion as well as substantial tolerability in rodents and non-human 
primates after i.v. [32] and im. [23] administration. 


3.2. Role of PEG-lipids 


Even though PEG-lipids constitute the smallest molar percent- 
age of the lipid components in LNPs (typically ~ 1.5 mol%), they 
influence several key properties thereof: population size and dis- 
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persity [24,49-53]; LNP aggregation prevention [49,50]; and parti- 
cle stability during both preparation and storage. Furthermore, 
PEG-lipids also affect factors such as nucleic acid encapsulation 
efficiency [49]; circulation half-life [49]; in vivo distribution 
[49,54]; transfection efficiency [49]; and immune response [55]. 
All these properties are somewhat related to the molar ratio of 
the PEG-lipid as well as the structure and length of both the PEG 
chain and the lipid tail (alkyl/dialkyl chain(s)). The molecular 
structures of different PEG-lipids discussed in this Review are illus- 
trated in Fig. 3A (PEG-lipids used in the clinical approved LNPs) and 
3B. Unless otherwise stated, the PEG-lipid referred to herein is the 
linear PEG with a molecular weight of 2000 Da, the PEG molecular 
mass (length) that is also used in Doxil®. 


3.2.1. PEG-lipids control LNP size and stability 

PEG-lipids contribute to LNP self-assembly via the hydrophilic 
steric barrier that PEG chains form at the LNP surface [50]. During 
LNP formation, the PEG chain extends away from the surface of the 
emerging particle, and sufficient PEG-lipid accumulation per parti- 
cle prevents heterogenous formulations. The steric PEG barriers 
also support particle stability by preventing aggregation 
[49,50,52]. Lokugamage et al. [57] demonstrated that formulations 
completely lacking PEG-lipids produced unstable, polydisperse 
LNPs exceeding 200 nm in diameter. Other studies have shown 
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Fig. 3. A) The PEG-lipids used in Onpattro® (PEG-c-DMG) and the COVID-19 vaccine LNP products Spikevax® (PEG-DMG) and Comirnaty® (ALC-0159). B) Additional PEG- 
lipids discussed in this Review. C) The proposed uptake mechanism for Onpattro® [56]. The figure was created with BioRender.com. D) Cryo-TEM images of LNPs with varying 
molar ratios of PEG-lipid. Reproduced from [52] with permission from the Royal Society of Chemistry. 
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that including as little as 0.5 mol% of PEG-lipid resulted in stable, 
homogenous LNPs smaller than 80 nm [52]. The stability that 
PEG provides during formulation also endure long-term. LNPs con- 
taining mRNA can be stable for up to 3 weeks at 4 °C in buffer, as 
quantified by consistent size, PDI, zeta-potential and encapsulation 
efficiencies during storage [49,58]. The current European Medici- 
nes Agency (EMA)-approved shelf lives for mRNA COVID-19 vacci- 
nes are 9 months between —25 °C and —15 °C or 30 days at 2-8 °C 
for Moderna (Spikevax®) and 9 months between —90 °C and 
—60 °C or 1 month at 2-8 °C for Pfizer-BioNTech (Comirnaty®) 
[59]. The different storage requirements may be due to disparate 
LNP formulations, including excipients and mRNA, or the compa- 
nies’ particular development approaches [60]. Comparatively, 
Onpattro® has a clinical shelf life of 36 months, refrigerated, 
according to an EMA report [61]. Research has determined that 
LNPs formulated with different PEG-lipids have similar long-term 
stability, indicating that different PEG chain compositions can suf- 
ficiently provide the steric repulsive forces necessary during parti- 
cle formation [49]. PEG-lipids also increase stability during 
subsequent LNP processing. Lokugamage et al. [57] nebulized LNPs 
for pulmonary delivery and observed that LNPs with high molar 
ratios of PEG-lipids resulted in higher pulmonary transfection effi- 
ciency than LNPs with lower molar ratios of PEG-lipids. LNPs dam- 
aged during nebulization are expected to aggregate, suggesting 
that higher PEG-density on LNPs limits aggregation and subse- 
quently promotes cellular uptake. 

LNP size must be controlled during preparation as it plays a 
decisive role in nanoparticle pharmacokinetics and biodistribution 
{62] and LNP biodistribution, delivery efficiency, and transfection 
potency [63]. Multiple studies have shown that increasing the 
molar ratio of the PEG-lipid coheres with significantly smaller 
LNPs, independent of other lipid components [24,52,64]. Kulkarni 
et al. [52] used cryo-transmission electron microscopy (Cryo- 
TEM) to visualize how varying the PEG molar ratio affects the lipid 
structure (Fig. 3D). It is hypothesized that the PEG-lipid is located 
only at the LNP surface [54], hence raising the mol% of the PEG- 
lipid (surface molecule) leads to a higher surface area:volume ratio 
and thus decrease in particle size. In these studies, varying the 
molar ratio of PEG-lipids requires concurrently varying the molar 
ratio of another lipid. Most studies choose to alter cholesterol con- 
tent [51,52]. Kulkarni et al. [52] investigated the impact of DSPC 
and cholesterol mol% on LNP size and observed no significant dif- 
ferences when varying DSPC-cholesterol (1:1 mol) within a 40- 
60 mol% range [15]. This indicates that the effect of concurrently 
modifying cholesterol ratios by up to 2 mol%, as in studies focused 
on changing the molar ratio of PEG, is presumably negligible. 

The lipid tail structure in PEG-lipids also influences LNPs biolog- 
ical activity. Since the PEG-lipid is incorporated into the LNP mem- 
brane through the hydrophobic tail (the alkyl/acyl chains), PEG- 
lipids with longer tails are less likely to dissociate from the LNP. 
Studies have reported this correlation between desorption rate 
and lipid tail length both in vitro [49,65] and in vivo [51]. Mui 
et al. [51] showed that PEG-lipid desorption from LNPs in circula- 
tion, measured one hour after in vivo administration, was 45% for 
PEG-lipids with C14 dialkyl chains (the length of the alkyl/acyl 
groups is reported as CX, where X is the number of carbon atoms 
in the alkyl/acyl chain) and only 1.3% and 0.2% for PEG-lipids with 
C16 and C18 dialkyl chains, respectively. Studies have generally 
found that longer alkyl chains improve LNP stability in biological 
fluids. That said, even short C12 and C14 dialkyl/diacyl chains pro- 
vide sufficient stability during LNP self-assembly [49,51]. However, 
in the presence of a lipid sink (e.g. plasma), which contains endoge- 
nous lipid-based particles including lipoproteins and extracellular 
vesicles plus high levels of albumin with its many hydrophobic 
pockets [66], the short-alkyl-chained PEG-lipids are prone to disso- 
ciating into the endogenous lipid-associating entities. In addition 
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to biological lipid-based nanoparticles in blood, cell membranes 
can also function as a lipid sink. 


3.2.1.1. PEG-lipids mediate indirect targeting capabilities of LNPs. In 
addition to impacting structural properties such as size and stabil- 
ity, different PEG-lipid molar ratios and compositions greatly influ- 
ence in vivo distribution and degree of cellular interaction, thereby 
controlling the ability of LNPs and LNP-like particles to sufficiently 
deliver their nucleic acid cargo inside the cells of interest 
{49,54,65,67] PEGylation is a widely used method for preventing 
rapid nanoparticle clearance and increasing in vivo circulation 
time [49]. For example, in Doxil®, which delivers the anti-cancer 
drug doxorubicin (Dox), including PEG-1,2-distearoyl-sn-glycero- 
3-phosphorylethanolamine (PEG-DSPE) extends circulation time 
{17]. By increasing circulation time, these well-anchored PEG- 
lipids on the surface of Doxil®-liposomes boost Dox accumulation 
at the tumor site [17] and decrease cardiotoxicity, as compared to 
free doxorubicin [68,69]. However, the generally high stability and 
stealth-like properties of PEGylated liposomes limit the cellular 
interactions that can lead to low cellular uptake and poor endoso- 
mal escape [70], an outcome that is counter-productive for nucleic 
acid delivery. Therefore, while particle stabilization with persistent 
PEG-lipids is helpful during formation and for extending circula- 
tion times, it creates a paradox known as the PEG dilemma 
{14,51,65,67,71] wherein improved accumulation outside the liver 
corresponds with reduced particle activity [49]. 

The short chained diacyl PEG-lipid PEG-carbamate-1,2- 
dimyristoyl-sn-glycerol (PEG-c-DMG) is introduced in the Onpat- 
tro® formulation (Fig. 3A) to do ‘the exact opposite’ to what the 
PEG-DSPE is facilitating. While PEG-DSPE ensures long circulation 
[49], PEG-c-DMG tends to desorb from the LNPs upon i.v. adminis- 
tration, to exploit an already established route for specific cellular 
uptake in the liver. Blood contains significant apoE, especially on 
LDLs and remanent chylomicrons which are taken up in the liver 
via the LDLR. PEG-lipids with short lipid tails tend to desorb from 
LNPs [6,51,63], allowing the particles to adsorb apoE [34]. This 
allows LNPs to endogenously target hepatocytes in the liver, as 
exploited in Onpattro® [34] (Fig. 3C). That said, other plasma com- 
ponents, in addition to apoE, could potentially also facilitate uptake 
of LNPs in hepatocytes or any other cell type. 

As discussed above, PEG desorption rate can be controlled by 
formulating LNPs using PEG-lipids with different acyl chain lengths 
[24,49,51]. Relatedly, Mui et al. [51] showed that increasing the 
molar ratio of the PEG-lipid from 1.5 to 2.5 mol% compromised 
transfection efficiency in hepatocytes when the PEG chain was 
attached to a C18 lipid tail but not a C14 lipid tail. This indicates 
that only a C14 lipid tail facilitates PEG-lipid desorption followed 
by association with apoE, thereby promoting receptor-mediated 
uptake in the liver, and that the molar ratio of the PEG-lipid there- 
fore has no impact on transfection efficiency as most PEG-lipids 
desorb rapidly following administration. Mui et al. [51] also 
showed that for 1.5 mol% PEG-lipids, the in vivo transfection level 
was almost independent of the carbon length of the PEG-lipids. 
Hence, the expected longer circulation time of LNPs coated with 
C18 compared to C14 PEG-lipids do not change final transfection 
efficacy and/or apoE adsorption levels. These data lead one to ques- 
tion whether PEG-lipid desorption (when using 1.5 mol% PEG- 
lipid) is essential for apoE adsorption to LNPs. 

In addition to the indirect active targeting properties obtained 
via the association between apoE and LNPs in blood, more passive 
targeting could be attained by preserving the steric barrier of the 
LNP in vivo. A PEG-lipid like the PEG-DSPE (C18) (Fig. 3B) used in 
Doxil® inhibits rapid desorption and thus limits protein binding 
and clearance by the mononuclear phagocytic system, thereby pro- 
longing circulation time of the PEGylated nanocarrier. Approaches 
|72-74] using a persistent PEG-lipid to improve LNP accumulation 
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elsewhere employ a formulation with compromised activity and 
therefore require higher doses to achieve silencing at the target tis- 
sue. A slow PEG desorption rate will also minimize specific uptake 
in the liver and further increase circulation time, enhancing LNP 
accumulation in tumor tissues [51]. 

Taken together, the research detailed above shows that the 
choice of PEG-lipid greatly influences key LNP properties such as 
size, stability, in vivo distribution, and transfection efficiency. 
PEG-lipids stabilize LNPs during preparation and storage by pro- 
viding a steric barrier that both drives self-assembly and prevents 
aggregation. Further, the type of PEG-lipid partly controls LNP cir- 
culation time and cellular interactions. Which PEG-lipid to choose 
highly depends on therapeutic purpose, target organ and/or cell 
type, and administration route, and should include considerations 
regarding both molar ratios and length of the akyl/acyl chain(s) 
constituting the lipid tail, as these parameters have all shown to 
influence key properties of LNPs. 


3.2.1.2. Do PEG-lipids stimulate an immune response?. Grafting PEG 
to long chained lipids onto liposomes grants them stealth-like 
properties that prolong their half-life in circulation. The PEG- 
coating was thought to hinder antibody and complement protein 
binding, known as opsonins, that elicit phagocytosis of foreign 
entities they identify. However, many studies have challenged 
the notion that PEGylated liposomes are inert to opsonins and thus 
non-immunogenic. One type of immunogenic response leads to 
rapid clearance of PEGylated drug delivery systems upon repeated 
injections. This effect, called the accelerated blood clearance (ABC) 
phenomenon [75], is mediated by antibodies raised against the for- 
eign drug delivery system after the first injection. The ABC phe- 
nomenon has been observed across animal species [76]. Factors 
that affect ABC clearance of PEGylated liposomes are dose (in a 
reciprocal way), time interval between injections, and liposomal 
physicochemical properties including lipid composition, size, sur- 
face charge, and drug cargo [76]. However, the ABC phenomenon 
has not seriously impacted the clinical use of PEGylated liposomal 
anticancer drug formulations such as Doxil® [76]. Such anticancer 
drugs may impair anti-PEG antibody production in B-cells [76,77]. 
Yet rapid clearance as in the ABC phenomenon could pose a chal- 
lenge for the safety and efficacy of non-anticancer drugs loaded 
into PEGylated drug delivery systems. Besin et al. [78] showed in 
mice studies that LNPs can trigger ABC and that this immune 
response is based on production of both anti-phosphatidylcholine 
and anti-PEG antibodies. 

Another observed immune response to PEGylated and non- 
PEGylated liposomes is a hypersensitivity or infusion reaction, ter- 
med complement activation-related pseudoallergy (CARPA), that 
can cause mild to severe hypersensitivity. This effect, which oppo- 
site to the ABC phenomenon, is revealed at the first treatment and 
the symptoms usually decrease or disappear in subsequent treat- 
ments. In the clinic, a protocol using a slow infusion rate and cor- 
ticosteroid pre-treatment is mitigates this effect in Doxil®-based 
treatments [79]. Whether this response is directly linked to PEG- 
lipids is unclear. 

PEG-lipid-derived antibodies have also been observed, though 
in a very small number of cases, with i.v. administered LNP- 
siRNA formulations [80,81]. A recent study showed that serious 
adverse events are uncommon and occur similarly in active vaccine 
and control groups following a third (booster) dose, e.g. of Comir- 
naty® [82]. Further, this study confirmed improved immunogenic- 
ity against the SARS-CoV-2 virus following this third dose. These 
results stem from the combination of several aspects including, 
but not limited, to the very low dose administered, the long time 
between vaccine injections, and the ability of the PEG-lipids to des- 
orb rapidly from LNPs when injected into a biological environment. 
Regarding the latter effect, Suzuki et al. [49] showed that IgM anti- 
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body production against PEG correlated with the PEG-lipids’ acyl 
chains lengths, so that the LNPs with the fastest-desorbing PEG- 
lipids induced less anti-PEG IgM. Another study [83] showed that 
substituting slow-desorbing PEG-lipids with fast-desorbing PEG- 
lipids abrogate a strong immune response to pegylated liposomes 
containing nucleic acid cargo. 

Screening for immune-triggered adverse effects while develop- 
ing LNPs for therapeutic applications could be key to LNP clinical 
success beyond vaccines. A recent study [84] shows that LNP size 
influences the immunogenicity of LNP-mRNA vaccines in mice, 
though these size effects were not observed in non-human pri- 
mates. This study highlights the need to identify immunogenic ani- 
mal models that translate well to humans. An older study [85] 
demonstrated that inserting gangliosides (a family of natural lipids 
containing an oligosaccharide-based headgroup) into PEGylated 
liposomes attenuates the ABC effect. Miinter et al. [86] observe 
that the degree of antibody and complement 3 protein binding to 
liposomes depend on liposome surface chemistry. The authors also 
reveal that opsonin binding is highly heterogenous across individ- 
ual liposomes in a given formulation. 

In addition to adjusting dose level, infusion rate, time interval 
between treatments, and immunosuppressant co-treatment, syn- 
thesizing new stabilizing lipids to replace PEG-lipids or introducing 
additional components to the four lipids traditionally used to pre- 
pare LNPs (see Section 5.2) could circumvent potential adverse 
immunogenic events from single and multiple LNP-based treat- 
ments or improve vaccine potency via adjuvant effects. A recent 
review [87] describes the impact of PEG on immunological proper- 
ties of nanomedicine in more details. 


3.3. Role of helper lipids 


The pervading hypothesis regarding the role of helper lipids is 
that they support stability during storage and circulation. As LNP 
formulations used for nucleic acid delivery (except for ionizable 
lipids) are often derived from the lipids used to form liposomes 
for small molecule therapeutics, the expectation of the roles of 
these lipids in LNPs is similar to their liposomal counterpart. 

The term “helper lipids” broadly defines a range of lipids such 
as sterols, phospholipids, and glycerolipids that are typically non- 
cationic, although the term has also been used to describe surfac- 
tant and PEG-lipids [88]. In this Review, we discuss sterol and phos- 
pholipid components as helper lipids. 


3.3.1. Role of cholesterol 

The role of cholesterol in membranes largely depends on con- 
text. When combined with phospholipids with low gel-liquid crys- 
talline phase transitions (T,,), cholesterol helps formation of the 
liquid-ordered phase which is characterized by decreased mem- 
brane fluidity and increased bilayer thickness (Fig. 4B). Cholesterol 
and low T,, lipids undergo a “condensation” whereby the cross- 
sectional area of the lipid and cholesterol is lower than the sum 
of the individual cross-sectional areas. However, when combined 
with high T,, lipids, cholesterol boosts membrane fluidity and nar- 
rows the bilayer. In both cases, cholesterol pulls the lipids towards 
a liquid-ordered phase [89] (Fig. 4B). 

In LNP formulations containing nucleic acid, incorporating 
cholesterol is largely based on two main findings obtained with 
liposomal formulations of small molecule therapeutics: 1) choles- 
terol is an exchangeable molecule and can accumulate within a 
liposome during circulation [90], and 2) cholesterol dramatically 
reduces the amount of surface-bound protein and improves circu- 
lation half-lives [91]. Therefore, an equimolar amount of choles- 
terol is included in LNP formulations relative to endogenous 
membranes; this prevents net efflux or influx and maintains mem- 
brane integrity. Following these pioneering studies on the role of 
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Fig. 4. A) The molecular shape of standard helper lipids, including DSPC, DOPE, and cholesterol, used in LNPs. Current commercial LNPs use both DSPC and cholesterol. B) The 
three different lipid-membrane phases: liquid disordered, liquid-ordered, and gel phase. 


cholesterol in membranes, it was found to be essential to particle 
stability and subsequently debuted in stable antisense lipid parti- 
cles (SALP) [92]. 

Lipids such as cholesterol are also essential for encapsulating 
nucleic acid. As cholesterol increase membrane rigidity, it serves 
to reduce drug leakage from the liposomal core. This effect may 
however not be considered important for large cargo such as 
nucleic acids. As ionizable lipid designs improved, providing more 
potency and less toxicity, the total fraction of helper lipid 
decreased. However, a recent study [52] noted that some threshold 
amount of helper lipid is required to facilitate stable encapsulation. 
Specifically, a concentration of at least 40 mol% cholesterol (in the 
absence of any phospholipid) was needed to achieve near- 
complete siRNA encapsulation. Interestingly, two independent 
studies [93,94] determined that LNP formulations do not retain 
high cholesterol content in a soluble form. Both studies suggested 
that the molar amount of cholesterol, being substantially higher 
than can be stably retained in a membrane, likely results in insol- 
uble cholesterol crystallite formation in the LNP core alongside 
deprotonated ionizable lipid. 


3.3.2. Role of phospholipids 

The most prevalent phospholipids in LNP formulations include 
DSPC and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) 
(Fig. 4A). Saturated phosphatidylcholine (PC) lipids like DSPC in 
LNP formulations originate from small-molecule liposomal deliv- 
ery systems which required high T,, lipids for longer circulation 
times and overall stability. Comparatively, unsaturated lipids like 
DOPE (which has a truncated cone-shaped structure, due to the 
two kinks in the acyl chains introduced by the double bonds, and 
a smaller headgroup than the tertiary (trimethylated) amine group 
in PC (Fig. 4A)) improve intracellular delivery of nucleic acid by 


promoting Hj phase (hexagonal structure, shown Fig. 2C) forma- 
tion. Current commercial LNP systems only include DSPC, likely 
due to its known stability factor in commercial liposomes and 
the fact that the ionizable lipids efficiently disrupt the endosomal 
membrane. Phospholipids have several different roles in LNP 
including improving encapsulation (as noted with cholesterol 
{52]) and cellular delivery [6]. 

Interestingly, phospholipids such as DSPC, as compared to PE- 
containing lipids, improved endocytosis of LNP formulations 
in vitro [6]. This study on plasmid DNA delivery also reported that 
PC-containing formulations displayed higher uptake levels than 
the PE-containing systems but not better intracellular delivery. 
Replacing DSPC with unsaturated equivalents, namely DOPC and 
SOPC, resulted in increased particle uptake and more intracellular 
delivery as measured by luciferase expression in several unrelated 
cell lines. The results, however, also suggested that replacing fetal 
bovine serum with murine serum changed uptake and expression 
profiles. Comparatively, lipidoids formulated for mRNA delivery 
displayed higher expression levels when combined with DOPE 
rather than DSPC [24]. Such results have not been observed when 
using MC3 or KC2-like lipids. 

The proportion of DSPC in nucleic acid delivery systems has 
steadily declined. In Doxil®, the mol% of fully hydrogenated soy 
PC (mainly DSPC) is 56 with roughly 38 mol% cholesterol. By con- 
trast, some of the older plasmid delivery formulations contained 
up to 85 mol% phospholipid, such as phosphatidylcholine or 
dioleoylphosphatidylethanolamine [95], where the DNA molecules 
were internalized into the aqueous core of the nanoparticles dur- 
ing the detergent-depletion process used to form these nanoenti- 
ties called stabilized plasmid-lipid particles (SPLP) [95,96]. The 
PC content decreased substantially when formulations incorpo- 
rated cholesterol to extend circulation times and limit protein 
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binding. SALP formulations contained only 25 mol% DSPC which 
further dropped to 20 mol% in stable nucleic acid lipid particle 
(SNALP) siRNA formulations. Current commercial LNPs only con- 
tain 10 mol% PC, in the form of DSPC, because a high proportion 
of ionizable lipids (50 mol%) is needed to bind and encapsulate 
the nucleic acid cargo. An illustration of the most commonly used 
lipid-based nucleic acid delivery systems, listed according to their 
time of invention, is presented in Fig. 5. The illustration also high- 
lights the declining content of phospholipids for each new genera- 
tion of lipid-based nucleic acid delivery system. 


4. LNP structure: One does not fit all 


LNP structure is often presented as in Fig. 1, with ionizable 
lipids arranged in an inverted micellular structure around the 
nucleic acid cargo [28]. However, the true structures of lipid 
arrangement in the core, at the surface, and around the nucleic acid 
cargo are not known in detail. Further, the actual spatial distribu- 
tion of the different lipid components in the LNP also remains 
unclear. We do know the LNP structure in a specific formulation 
highly depends on the molecular structure of the lipid components, 
lipid composition, type of cargo, and intraparticle heterogeneity 
[13]. Hence, one LNP structural model likely does not fit all. Recent 
studies have investigated LNP structure/lipid arrangement by 
using cryo-TEM [94,99,100], molecular dynamics (MD) [101], 
small-angle neutron scattering (SANS) [54], small-angle x-ray scat- 
tering (SAXS) [54,94], fluorescence microscopy [102], and NMR 
methods [103]. Here, we will discuss some key findings from these 
studies. 

Cryo-TEM provides information about LNP size, shape, and 
internal morphology and can reveal whether molecular arrange- 
ment is ordered, disordered, or phase separated. A study by Eygeris 
et al. [99] shows that the proportion of multi- versus single-lipid 
bilayered LNPs largely depends on the type of cholesterol deriva- 
tives being used. In case of cholesterol LNPs contain a single lipid 
bilayer (Fig. 6A), while most LNPs containing a saturated version 
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of cholesterol (stigamstanol), with an ethyl attached to the carbon 
chain (Fig. 6A), have a multilamellar structure. This work high- 
lights that even small changes in the molecular structure of a sin- 
gle lipid component (albeit a component comprising nearly 40 mol 
% of the formulation) can greatly impact the overall LNP structure. 
In this study, the authors also quantified the proportion of internal 
defects in terms of areas with varying electron densities (contrast) 
inside the LNPs and presented structural models of the different 
LNP types carrying mRNA cargo (Fig. 6B). Interestingly, the LNPs 
with multilamellar and faceted structures, as well as a lamellar 
lipid phase, showed higher gene transfection [99]. Whether these 
structural features induced by the cholesterol derivative or the 
cholesterol derivative component itself drive the improved trans- 
fection may, however, be difficult to unfold. SAXS is becoming a 
popular technique for characterizing LNPs. SAXS data can deter- 
mine LNP size and structure and indicate whether LNPS contain 
ordered structures like multilamellar lipid packing and cholesterol 
crystallites. 

Another recent cryo-TEM based study [100] on the morphology 
of LNP-mRNA formulations determined that a few different popu- 
lations of particles exist. Specifically, using a thionine stain for RNA 
in cryo-TEM, the authors demonstrate that the RNA appears to 
localize at the outer edges of the formulation (and likely sand- 
wiched between closely apposed monolayers of lipid) or in aque- 
ous compartments that are surrounded by bilayer protrusions. 
This study remains to be the most direct analysis of the structure 
and organization of LNP with a very limited physical intervention 
to the structure of the LNP. The use of thionine is a relatively 
benign approach to probing the structure and localization of the 
LNP-RNA particle compared to the use of cryoprotectants com- 
bined with ultra-low temperatures and uncontrolled freezing. 

In an LNP model based on encapsulated siRNA sandwiched 
between closely apposed lipid monolayers, proposed by Kulkarni 
et al. [94], the ionizable lipid not interacting with siRNA can adopt 
an amorphous oil phase located in the center of the LNP (Fig. 6C). 
Deprotonated ionizable lipids are almost entirely hydrophobic 


oy é 


PEG-lipid Plasmid siRNA mRNA 


Liposome 


Lipoplex 


SPLP LNP 


Fig. 5. Simplistic illustration of some of the most tested lipid-based nucleic acid delivery systems in the order of their invention (indicated by the time arrow), starting with 
liposomes, lipoplexes, SPLPs and finally the LNPs. All structures are proposed structures and can vary depending on lipid composition, nucleic acid cargo and preparation 
method. The illustration also highlights the trend of decreasing mol% of phospholipids and increasing mol% of cationic or ionizable lipids, introduced to facilitate active 
nucleic acid encapsulation, which culminates with LNPs containing typically 10 mol% phospholipids and 50 mol% ionizable lipids. Representative types of nucleic acid cargos 
are presented in each type of delivery system. Plasmids were typically loaded into liposomes [97] and SPLPs [95] (the similar particles SALP and SNALP contain ASO and 
siRNA, respectively), while lipoplexes [98] as well as LNPs have been loaded with several nucleic acid cargo types including siRNA, mRNA, microRNA, DNA, ASOs in case of 


LNPs. The figure was created with BioRender.com. 
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Fig. 6. A) Cryo-TEM images of LNPs prepared with cholesterol, (adopt a single lipid bilayer structure (left)) and stigamstanol instead of cholesterol (adopt a multilamellar 
structure (right)). Reprinted (and adapted) with permission from [99]. Copyright 2020 American Chemical Society. B) Structural models of different LNP types carrying mRNA 
cargo. Reprinted (and adapted) with permission from [99]. Copyright 2020 American Chemical Society. C) Cryo-TEM images of LNPs encapsulating siRNA sandwiched 
between closely apposed monolayers (left) and LNPs prepared in the absence of siRNA (right). The uncharged ionizable lipids that are not interacting with siRNA can adopt an 
amorphous oil phase when pH is raised to 7.4. Reprinted (and adapted) with permission from [94]. Copyright 2018 American Chemical Society. D) Structural model of LNP- 
siRNA showing two distinct phases, including a proposed oil-like phase containing the uncharged ionizable lipids and an aqueous phase. Reprinted (and adapted) with 


permission from [94]. Copyright 2018 American Chemical Society. 


compared to amphiphilic molecules such as phospholipid and 
cholesterol. Once the ionizable lipid deprotonates, it behaves sim- 
ilarly to triglycerides and thus is likely to phase separate into fat- 
droplets. Note that the free-base derivatives of ionizable lipids, 
such as the ones described in Fig. 2A, exist as an oil at room tem- 
perature. Two distinct phases (as visualized by cryo-TEM), includ- 
ing a proposed oil-like phase containing the uncharged ionizable 
lipids and an aqueous phase, are pronounced for LNPs containing 
20 mol% of the ionizable lipid KC2, 31.5 mol% DSPC, 47 mol% 
cholesterol, and 1.5 mol% PEG-lipid (Fig. 6D). That neutral ionizable 
lipids tend to phase separate into a purely hydrophobic environ- 
ment is supported by MD simulations of a bilayer containing KC2 
and POPC in various ratios at pH ~ 4 and ~ 7.5 pH [101]. In this 
study, the neutral ionizable lipids intercalate between the ends 
of the hydrophobic chains of POPC. An interesting single particle 
fluorescent-microscopy study | 102] indicates siRNA clusters aggre- 
gate within the LNP in a non-uniform distribution, in close agree- 
ment with the above model (Fig. 6D). 

The different spatial distributions of the ionizable lipid, DSPC, 
and cholesterol in LNPs have recently been investigated using 
SANS [54]. Exploiting the different scattering properties of the 
deuterated and non-deuterated lipid components shows that DSPC 
lipids are mainly located at the LNP surface, cholesterol is broadly 
distributed both at the surface and in the core, and the ionizable 
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lipid (MC3) is primarily in the core but also to some extent present 
at the surface. This unique study evaluates lipid distribution in 
LNPs; that said, it is challenging to derive multi-parametric infor- 
mation about multi-component and polydisperse LNPs from SANS 
data. A study [103] employing dynamic nuclear polarization- 
enhanced NMR Spectroscopy also claims to be able to determine 
the spatial location of various LNP components. The SANS study 
[54] and NMR-based study [103] both support the same general 
understanding of LNP structure: the different lipid types do not 
solely associate with either the surface or core of the LNP (in oppo- 
sition to the simplistic model shown in Fig. 1); DSPC and the PEG- 
lipid are enriched at the surface; and the ionizable lipid is princi- 
pally present in the core. Their shared model further suggests that 
cholesterol is also mainly located in the core. 

Taken together, these studies illustrate that different LNPs pos- 
sess very different structures. Small physiochemical changes to 
cholesterol [99] and whether the ionizable lipids are charged or 
neutral [94] greatly impact LNP structure. Further, individual lipid 
components significantly affect the structure, and thus the biolog- 
ical properties, of LNPs. Complex and large MD simulations, 
advanced NMR, or other techniques may in the future provide even 
more detailed information about the distribution and arrangement 
of lipid components and nucleic acid cargo in LNPs. Ultimately, the 
correlations between this information and biological effect will 
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make it possible to improve the therapeutic applications of LNPs 
through rational design. 


5. Liver targeting and beyond 


Designing nanocarriers that target organs and cell types beyond 
the liver remains a key challenge. Over the past 20-30 years, huge 
efforts have been put into tailoring liposomes to feature targeting 
capabilities beyond passive accumulation into tumor tissues fol- 
lowed by extensive liver clearance. From a clinical perspective, 
these efforts have all failed including a novel HER2-antibody-(PE 
Gylated)-liposomal conjugate loaded with doxorubicin from Merri- 
mack Pharmaceuticals. Hopefully, some of these clinical failures 
can be considered lessons, so that future work in designing target- 
ing LNPs will avoid unnecessary missteps. 


5.1. Liver targeting 


The most successful liver-targeting LNPs is likely Onpattro®, 
which was designed to exploit apoE binding to LNP in circulation 
to deliver siRNA to hepatocytes via the LDLR receptor. Hepatocytes 
comprise most of the liver, which also contains Kupffer cells and 
liver sinusoidal endothelial cells (LSECs). The liver is the main 
organ to take up synthetic nanoparticles administered systemi- 
cally. Studies including [63] have shown that preference for hepa- 
tocytes over the reticuloendothelial system (RES), which includes 
Kupffer cells and LSECs, can be tuned by making LNP sizes either 
smaller or larger than the diameter of the fenestrations in the liver 
(50-300 nm [104] and 107 + 1.5 nm [57]). Kim et al. [105] show 
that grafting mannose onto LNPs allowed for selective delivery of 
RNA to LSECs while minimizing unwanted cellular uptake by hep- 
atocytes. Interestingly, Saunders et al. [106] exploited the dimen- 
sions of the fenestrations in the liver, in an alternate way, to 
increase LNP accumulation in cells other than the Kupffer cells 
and LSECs that usually take up a significant portion of nanoparti- 
cles administered systemically [107]. Specifically, Saunders et al. 
[106] administered non-toxic liposomes, termed nanoprimers, that 
were larger than the fenestrae of the liver capillaries and designed 
to transiently occupy RES cells in the liver prior to LNP administra- 
tion. This strategy improved LNP nucleic acid-mediated knock- 
down and translation efficiency of targets in hepatocytes. 


5.2. LNP targeting beyond the liver 


Along the lines above, Ouyang et al. [108] reported that doses 
above 1 trillion nanoparticles in mice overwhelmed Kupffer cell 
uptake rates, decreased liver clearance, prolonged circulation, 
and increased nanoparticle tumor delivery. This enabled up to 
12% tumor delivery efficiency to 93% of cells in tumors, thereby 
boosting the therapeutic efficacy of Doxil®. A study that adminis- 
tered cationic and ionizable lipid LNPs carrying siRNA to apoE~/~ 
mice demonstrated that hepatic uptake of ionizable, but not catio- 
nic, LNPs was apoE dependent. This observation suggests that LNP 
charge plays a role in LNP biodistribution [34]. Surface charge 
indeed controls organ-specific delivery [109]. A strategy called 
Selective ORgan Targeting (SORT) that adds a supplemental com- 
ponent (termed a SORT molecule) to the four conventional LNP 
lipids allowed LNPs to be systematically engineered to deliver 
nucleic acid therapies to the lungs, spleens, and livers of mice fol- 
lowing i.v. administration. The SORT molecule varied from perma- 
nently positively charged ionizable lipids to negatively charged 
lipids. LNPs modified to include a significant mol% of permanently 
charged lipids sorted toward the lungs. Previous studies have 
shown that positively charged nanoparticles tend to accumulate 
in the lungs [110]. Additionally, highly positively charged particles 
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generally aggregate in biological fluids and these agglomerates 
could accumulate in the narrow lung capillaries. Another explana- 
tion could be that the first highly vascularized organ that nanopar- 
ticles encounter after an i.v. tail vein injection is the lungs, in which 
blood flow is slower due to capillary circulation [110]. Thus, the 
nonspecific interactions between the negatively charged sulfated 
proteoglycans and glycosaminoglycans displayed by the plasma 
membranes of capillary endothelial cells and the positively 
charged nanoparticles could trap the nanoparticles in the lungs 
{110]. Adding permanently negatively charged SORT molecules to 
LNPs directed them to the spleen, while the conventional (with 
close to neutral surface charge) LNPs homed to the liver. It may 
be that changes in the apparent pK, values endow distinct protein 
coronas [34,111] that could alter LNP fate. Along these lines, stud- 
ies of polystyrene nanoparticles have determined that positively 
charged particles preferentially adsorb proteins with isoelectric 
points less than 5.5 (such as albumin), while negatively charged 
particles (and particles with surfaces bearing acidic functional 
groups) predominantly bind proteins with isoelectric points 
greater than 5.5 (such as IgG) [112]. To achieve true organ- 
specific delivery, however, the SORT approach still needs improve- 
ments to prevent leakage to other organs. Further, using whole- 
organ IVIS imaging for quantitative analysis, as in the SORT study, 
requires caution, because scattering and absorption effects from 
incoming and emitted light as well as quenching effects may 
impact the readout from the isolated organs, and these effects will 
hamper the quantitative value of these measurements [113]. Fur- 
ther, the liposome field has learned that successfully clinical trans- 
lating liposomes requires low surface charge [56]. 

Another lesson learned from the liposome field is that enhanced 
circulation time can improve accumulation in cancer tissue. 
Defects in cancer tissue’s rapidly growing vasculature may lead 
to passive extraversion/accumulation of liposomes in tumors, an 
effect sometimes referred to as the enhanced permeability and 
retention (EPR) effect [18]. This proposed phenomenon is, how- 
ever, heavily debated in the nanomedicine field [116]. Both the 
nanoprimer approach described above [106] and including long- 
chained PEG-DSPE lipids (known from the Doxil® formulation) that 
are less prone to dissociation than PEG-DMG [51] are strategies 
that could enhance LNP circulation time and thus improve LNP 
accumulation in non-liver organs. 

As explored above, size and surface charge are parameters that 
partly control LNP biodistribution. Whether the biodistribution of 
LNPs without active-targeting ligands is associated with passive 
targeting is hard to determine, as Onpattro® shows that active tar- 
geting via apoE can be achieved by controlling the interaction 
between LNPs and proteins in blood. 

In the fast-growing field of cancer immunotherapy, the focus is 
on modifying and activating immune cells. A recent study [117] 
showed that conjugating CD4 antibody to LNPs enables specific 
targeting to and mRNA interventions in CD4 + cells, including T 
cells. After systemic injection in mice, CD4-targeted radiolabeled 
mRNA-LNPs accumulated in spleen, providing ~ 30-fold higher sig- 
nal from reporter MRNA in splenic T cells, as compared with non- 
targeted mMRNA-LNPs. Another recent study specifically targeted 
gut-homing leukocytes in experimental colitis. To do this, they 
fused two integrin-binding domains of MAdCAM-1, the natural 
ligand of #487 integrin, to an IgG-Fc and devised a strategy to effi- 
ciently conjugate this fusion protein to the LNP surface [118]. 

The current LNP-based clinical trials, including the approved 
LNP products, illustrate both the general challenges related to tar- 
geting LNPs beyond the liver and the lack of effective targeting 
strategies (Fig. 7A). Searching https://www.clinicaltrials.gov for 
“lipid nanoparticle” shows, after filtering, 14 LNP hits. Since not 
all LNP-based clinical trials include information on the LNPs, some 
trials do not appear in this search. Additional LNP-based clinical 
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Fig. 7. A) Administration routes and disease targets used in clinical trials based on LNP delivery of nucleic acid therapies/vaccines. Trials were identified on clinicaltrials.gov 
using the search string “lipid nanoparticles” and excluding non-LNP-based hits (search date 18.01.2022). Additional trials were identified from Moderna, BioNTech, and 
CureVac pipelines (search date 18.01.2022), as well as current literature [14,114]. B) Mapping the physical properties (size and density) of biological (high-density 
lipoproteins (HDL), low-density lipoproteins (LDL), very low-density lipoproteins, chylomicrons (CM), and extracellular vesicles (EVs)) and liposome-based nanoparticles 
including their particle concentrations in human plasma (the liposome concentration is based on 1 mM lipid concentration and a size of 100 nm with an average lipid 
footprint of 0.425 nm?). The LNP density may likely be slightly higher than liposomes due to its nucleic acid cargo [115]. Reprinted with permission from WILEY. J. B. 
Simonsen, R. Miinter, Angew. Chem. Int. Ed. 2020, 59, 12584. [115]. C) Illustration of some of the pitfalls and opportunities in quantitative fluorescence-based nanomedicine 
studies discussed in [113]. Reprinted from [113] under the terms of Creative Commons license. Copyright 2021 Journal of Controlled Release. 


trials were therefore identified from Moderna, BioNTech, and Cur- 
eVac pipelines as well as current literature [14,114]. These 
searches identified a total of 40 LNP clinical trials. Of these 40 clin- 
ical trials, 22 used local injection, including i.m. for vaccines and 
intratumoral for cancer. Three trials used i.m. injection to treat 
cancer. Eleven clinical studies used i.v. administration, seven tar- 
geting the liver and four to treat cancer. The numeric breakdown 
of these trials supports the notion that non-liver targeting using 
non-local administration routes such as i.v. is challenging. 
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5.3. Technical and biological challenges in LNP uptake/biodistribution 
studies 


We have learned from the liposome field that PEGylated lipo- 
somes can undergo ABC and CARPA triggered by the immune sys- 
tem in reaction to PEG upon repeated administrations [76]. Hence, 
carefully investigating whether LNPs containing targeting ligands 
or any new surface component triggers this immune response is 
advisable early in the LNP development process. 
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Investigating LNP and other lipid-based drug delivery systems’ 
protein corona, which in the case of Onpattro® is essential for effi- 
cient hepatic uptake, has proven challenging because body fluids 
contain biological nanoparticles, including extracellular vesicles 
and lipoproteins, with sizes, densities, and lipid-based surfaces sim- 
ilar to synthetic lipid-based nanocarriers (Fig. 7B) [115]. These sim- 
ilarities make it difficult to isolate pure lipid-based nanomedicines 
{115], including LNPs, from biological fluids. Eventually, this leads 
to unwanted protein contaminations in protein corona studies of 
lipid-based nanomedicines like LNPs and liposomes. 

Another challenge linked to the endogenous nanoparticles that 
the Onpattro® formulation exploits is that PEG-lipids dissociate in 
biological environments due to their short hydrophobic tails. This 
type of dynamic can, however, also complicate the use of lipid- 
like labels, containing fluorophores or radiolabels [113,119], to 
track LNPs during in vitro and in vivo uptake/accumulation studies. 
Indeed, exchange of lipids/lipid-like labels between exogenous and 
endogenous lipid nanoparticles in biological environments could 
lead to wrong conclusions about the targeting features of lipid- 
based drug delivery systems including LNPs [113,120]. Properly 
validating the probe type used to track LNPs is therefore highly rec- 
ommended for both in vitro and in vivo studies [119] (Fig. 7C). As 
mentioned above, the whole-body fluorescence imaging is only 
considered a semi-quantitative method compared to the analysis 
of organ homogenates. These challenges along with the optical 
changes of some fluorophores due to change in the local surround- 
ings (including self-aggregation/quenching) are discussed in detail 
in [113] and illustrated in Fig. 7C. This article, including Fig. 7C, 
also presents opportunities on how to improve the quantitative 
information from nanomedicine studies based on fluorophores, 
including fluorescence microscopy and flow cytometry approaches 
to count nanoparticles in cells and bulk-fluorescence measure- 
ments of cell solutions to estimate the proportion of nanoparticles 
taken up by cells. That said, the biological response to nucleic acid 
therapies in terms of knockdown, protein expression, and gene 
editing can often be measured and thus qualitatively assess 
whether LNPs end up in the cell of interest. 


5.4. Future targeting strategies 


The nanomedicine field constantly seeks novel organ-targeting 
compounds. Huge peptide/protein libraries including phage dis- 
play [121] and bar-coding assays [122] are used to identify strong 
affinity binders. These and other efforts will hopefully reveal effec- 
tive active targeting ligands that will advance the LNP targeting 
capabilities beyond the liver. 

In addition to LNP composition and overall design, administra- 
tion route also affects LNP biodistribution and which cell types are 
exposed to LNPs [30]. Relatedly, current clinical trials highlight 
that local administration, when possible, is a simple and efficient 
way to deliver LNPs to the right tissues and cells (Fig. 7A). 

In sum, several new strategies for enhancing LNP uptake 
beyond liver cells are being developed and tested, with more 
expected to come. The success of these targeting strategies will 
be linked not only to how strongly the targeting ligand (either syn- 
thesized or adsorbed in the biological fluid, as in Onpattro®) binds 
to its receptor but also how well the ligand integrates into the 
matrix of conventional LNP lipids and how well these new multi- 
component LNPs evade the immune system. 


6. Summary and outlook 


Although four different lipid components in a conventional LNP 
‘cocktail’ seem manageable, variations in nucleic acid cargo types 
and lipid modifications lead to countless distinct LNP formulations. 
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Fig. 8. Summary of key functions of the different lipid components in commercial 
LNPs. Whether the ionizable surface lipids drive the ‘Protein adsorption/uptake” has 
not yet been thoroughly investigated but they are likely involved in protein/apoE 
corona formation on the LNP surface. Note that many structural and biological 
properties of LNPs should be ascribed not to a single lipid component but rather a 
combination of lipids, as illustrated above. This is illustrated by all the LNP 
components that contribute to the structure/morphology of LNPs. The PEG-lipids 
dictate the LNP size, and thus, influence the ratio of the surface to core distribution 
of the remaining components, and thereby ultimately their packing motif. The light 
blue highlight illustrates that PEG-lipids containing a long lipid tail improve the 
in vivo stability of LNPs. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 


To navigate this huge matrix of possible LNP designs requires a 
fundamental understanding of the physicochemical properties of 
the various lipid-based building blocks that make up LNPs. 

The aim of this Review was to exploit how or what the physico- 
chemical features of different lipids add to the physical and biolog- 
ical properties of LNPs. We have highlighted challenges related to 
in vitro/in vivo studies of nanomedicines including LNPs and sum- 
marized the key functions of different lipid components (Fig. 8). 
Further, we discussed immunological concerns associated with cer- 
tain lipid components and provided examples from the literature of 
possible strategies for directing LNPs beyond the liver. The latter 
two aspects ultimately define the in vivo fate of LNPs, and thus, 
solutions to these will put us in a stronger position to realize some 
of the therapeutic potential that nucleic acid-based modalities hold. 

That all said, it is important that the LNP field focused on trans- 
lational research is not sidetracked by very complex LNP designs, 
which are likely to fail in clinical trials. The field also needs to 
embrace basic research to increase our fundamental understanding 
on e.g., LNP uptake processes, endosomal escape mechanisms, the 
interplay between LNP structures/components and the immune 
system, and safe ligands that can enrich LNPs in certain organ/tis- 
sues. These ‘small’ but solid steps, including learning from the 
more mature liposome field, will hopefully allow us to take a giant 
leap towards making more clinically successful nucleic acid-based 
vaccines and therapies that employ LNP delivery. 
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